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frequencies are typically less than 1mm in size
and can be directly integrated with the radio
transceiver electronics, resulting in very compact
(~mm2) single chip radio solutions, ideal for com-
municating over short distances in autonomous
distributed sensor network applications.
Many millimetre-wave applications are in the
areas of sensing and imaging. Here the system
sensitivity is fundamentally determined by the
performance of the electronics immediately fol-
lowing the antenna. In many cases, array-based
solutions are the preferred option for rapid scan-
ning and improved spatial resolution.
These requirements place huge demands on the
active device and sub-system technologies for
MMW applications, not only in terms of specifica-
tion - the higher the performance, the better the
sensitivity and/or the lower the power consump-
tion - but also requires these parts be available in
significant volumes at reasonable cost.
To open these markets requires manufacturable,
high yield device and IC process technologies
which, for operating frequencies at and beyond
100GHz, necessitates that every last Ohm of
resistance, femtoFarad of capacitance and
microWatt of power is accounted for.
Is it nanotechnology?
Consider the critical dimension of the gate of a
MMW High Electron Mobility Transistor (HEMT).
For a well designed device, the length of the gate
determines the maximum operating frequency -
the shorter the gate, the faster the device.
It is not quite this simple however, as to produce
a useful MMW device, not only does the gate
have to be short; it must also have low resistance
(‘every last Ohm must be accounted for’).
Regrettably for the technologist, this is still not
sufficient to produce an optimised transistor.
The short, low resist-
ance gate must be
placed in an etch
trench where depth is
controlled to 1-2 nm
precision - if this is not
achieved, the devices in
a wafer, and from wafer
to wafer will have wild-
ly varying characteris-
tics making circuit
design and high yield
circuit manufacture vir-
tually impossible.
Fortunately, the width of the recess trench is 
not so critical, it only need to be within  10nm
accuracy!
Figures 2a and 2b show scanning electron micro-
scope cross-sections of EB lithographically
defined short, low resistance (T-shape) gates in
"recess" trenches formed using a highly control-
lable etching process. In both  images, the high
aspect ratio T-gate has a 50nm footprint in con-
tact with the semiconductor substrate. In both,
the recess trench depth is 20nm. In 2a, trench
width is 200nm, in 2b, trench width is 80 nm.
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Enabling nanofabrication
From the Nanoelectronics Research Centre
at the University of Glasgow, Professor Iain
Thayne  explains his view of the key role of
compound, high yield, top down 
nano-fabrication in enabling key, high
growth markets.
Nanotechnology is a widely used generic term
routinely applied to materials and devices
whether electronic, photonic, magnetic, biologi-
cal or molecular. It could be argued that a "true"
nanotechnology is one in which core elements
(electronic, photonic, magnetic, biological, molec-
ular etc) have critical lengthscales with nanomet-
ric dimensions and that these elements and their
combination can be engineered and manipulated
with the same precision.
This second requirement, crucial to the realisa-
tion of highly functional, integrated, heteroge-
neous nanosystems, requires the ability to 
pattern with nanometric tolerance (ideally 3D),
a range of substrate materials over large areas.
‘Top-down’ nanofabrication techniques are the
means to defining lithographically and transfer-
ring with high resolution, patterns and structures
which  underpin complex future nanosystems.
The Nanoelectronics Research Centre at the
University of Glasgow, established formally in the
mid-'80s, has been working on the research and
development of robust nanofabrication 
methodologies, applying them to a wide range
of electronic, photonic, magnetic, biological, cel-
lular and molecular application areas.
For over a decade, a key driver of the technolo-
gies of the Centre has been the realisation of
compound semiconductor-based electronic com-
ponents with critical lengthscales below100 nm.
These components have now matured to the
extent that ICs fabricated using high yield
nanofabrication technologies can be realised
repeatably, with rapid turnaround and high uni-
formity.
The circuits are being applied to a range of
advanced imaging and distributed sensor net-
work solutions which are enabled by the high
sensitivity, small size, low power consumption
and manufacturability resulting from the
nanofabrication techniques of Glasgow.
The Glasgow ‘Virtuous Cycle’
The technologies which underpin the III-V semi-
conductor electronic device and IC work at
Glasgow are closely interlinked (Figure1). The
areas of high resolution EB lithography and dry
etch pattern transfer are obvious examples of
"top-down" nanofabrication.Added to these how-
ever are the Glasgow expertise in MBE growth of
highly complex III-V semiconductor vertical
architectures with critical dimensions at the
atomic level, physics-based modelling for predic-
tive device design and optimisation, and exten-
sive high frequency test and measurement 
capability.
The result is a unique UK resource for the reali-
sation of very high operating frequency electron-
ic devices and ICs which can be tailored for spe-
cific systems requirements where the best
achievable levels of performance are required.
Millimetre-Wave applications
The millimetre-wave bands cover the 30-300GHz
range of the frequency spectrum. As the name
suggests, signal wavelengths at these frequencies
are on millimetre lengthscales. As a result, anten-
nas for transmitting and receiving signals at these
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Figure 1. The Glasgow ‘Virtuous Cycle’
Figures 2a and 2b: 
Scanning electron microscope 
cross-sections of EB 
lithographically defined 
short, low resistance 
(T-shape) gates in 
"recess" trenches 
formed using a highly 
controllable
etching process.
a
b
Figure 3. TEM of the gate
region of a well-scaled 50nm
gate length III-V High Electron
Mobility transistor (HEMT)
MBE growth 
precision  results in the 
highest operating 
efficiencyGaAs-based
transistor technology 
currently reported.
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Having a well engineered gate geometry is no
guarantee of producing a state-of-the-art MMW
transistor and IC technology however. The
design and growth of the vertical architecture of
the semiconductor substrate from which the
device is realised is absolutely critical in max-
imising the performance.
Figure 3 shows a transmission electron micro-
graph of the gate region of a well-scaled 50nm
gate length III-V High Electron Mobility Tran-
sistor realised in Glasgow. The devices were
fabricated on material grown by the Glasgow
MBE team to a specification defined by the
Glasgow physics-based device modelling group.
The detail of the gate recess region clearly
shows the different layers in the vertical archi-
tecture, each grown with atomic-monolayer pre-
cision.
The MBE growth precision shown in Figure 3,
together with critical lateral and vertical dimen-
sion control described above have resulted in the
Glasgow team recently demonstrating the highest
operating frequency GaAs-based transistor tech-
nology currently reported. And, this 50nm gate
length technology has : i) Functional yield greater
than 95 %. ii)Threshold voltage standard devia-
tion of 5mV; recess etch depth uniformity 2nm.
At the time of writing, amplifier circuits based on
this transistor technology have just been com-
pleted. The preliminary results indicate up to 8
dB gain/transistor at 94 GHz operating with just
1V DC bias.
Imaging and sensor network 
MMW imaging and sensing is a high growth area
with applications in the areas of automotive colli-
sion warning; concealed weapon detection; home-
land security; passive imaging systems capable of
"seeing" through rain, snow and fog; environmen-
tal, atmosphere and pollution monitoring systems.
These markets, predicted to be worth in excess of
$8bn by 2008, will be opened up by the supply of
high specification MMW components available in
high volumes at low cost - in other words, using
mass production techniques such as those avail-
able from the semiconductor industry.
The Ultrafast Systems Group at Glasgow is now
exploring commercial opportunities of the MMW
technology described above in partnership with
Kelvin Nanotechnology Ltd, the commercialisation
company housed within the Dept of Electronics &
Electronic Engineering (www.kelvinnanotechnolo-
gy.co.uk).
The technology is also used by the Speckled
Computing Consortium in Scotland (see
www.SpeckNet.org)  - an alliance of 5 Scottish
Universities (Edinburgh, Glasgow, Strathclyde, St
Andrews and Napier) addressing the realisation of
small (3mm) "specks" comprising sensing,
communicating, processing and networking capa-
bilities for ubiquitous sensor networks.
The first targets  are in electrocardiography and
tangible materials. The imaging and sensor net-
work applications have been identified as targets
for more "exotic" nanotechnologies based on self-
assembly for example. But it is important to
remember that more traditional, and for that mat-
ter robust, top down nanofabrication techniques
also have a vital role to play in these areas.
[This article appeared in The DTI “Public Service Review,”
Summer 2004.]
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Nanotechnology research progress has
piqued interest from investors, manu-
facturers and industry players, but
with this progress comes an increased
demand for high-end research proce-
dures and tools, (something the semi-
conductor industry has been road
mapping for years.)  Frost & Sullivan,
reports that "Research is now focused
on improving existing materials’ prop-
erties or developing new materials for
use in various  industries.If  price is sig-
nificantly reduced, consumer applica-
tions will become the major market,"
says analyst Hrishikesh Bidwe.
Nanomaterials with a dimensional
advantage are offered by ultra-thin
films (UTF), for large-scale integration
into micro-nano-devices and device
scaling. While benefits are attractive,
large scale economic fabrication of
UTF coatings is a significant challenge,
The report looks at the QD approach
for adding special optical and electrical
properties to materials.  But it notes
that much work must be done to reach
viable applications, because even a
slight change in properties radically
alters QD performance.  However nan-
otech is moving out of labs toward
real-world application and commer-
cialisation," concludes Bidwe. 
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